Abstract: A dynamic modelling approach is presented to compute the lumped parameter hydrodynamic coe cients of an underwater vehicle conceived as a multi-body underwater system. The vehicle-base is composed by heterogeneous robots and bodies (both actuated or not actuated), rigidly connected giving rise to a multi-body system called "cluster" in the paper. In order to model the nonlinear dynamics of the cluster, a modular approach has been proposed based on a proper composition of the dynamic models of the individual elements.
INTRODUCTION
Raw materials are of paramount importance to produce most goods employed in everyday life. In recent years, there has been a growing interest in moving to the deep sea for the research of new deposits of raw materials, however exploration technologies are expensive and environmentally unfriendly.
In order to reduce the cost of mineral exploration at sea currently performed by Remotely Operated Vehicles (ROV) and dedicated Surface Support Vessels (SSV) with crew, there is a need to develop an autonomous, reliable, and cost e↵ective technology to map vast terrains in terms of mineral and raw material contents. Furthermore, there is a need to identify the most rich mineral sites in an e cient manner and with minimum impact to the environment.
The ROBUST project Simetti et al. (2017) , funded by the EU commission under the Horizon 2020 programme, aims to tackle the aforementioned issue by developing sea bed in-situ material identification through the fusion of two technologies, namely laser-based element-analysing capability merged with Autonomous Underwater Vehicle (AUV) technologies for sea bed 3D mapping. The underwater robotic laser process is the Laser Induced Breakdown Spectroscopy (LIBS), used for identification of materials on the sea bed.
The ROBUST underwater robotic system is required to perform inspection operations with high accuracy and with good reactivity properties for operational e ciency. Therefore, a very accurate control at both the Dynamic Control Layer (DCL) and the upper Kinematic Control Layer (KCL) is needed. The two control layers, and in ? This work was partially supported by the European Union's Horizon 2020 research and innovation programme under the project ROBUST: Robot subsea exploration technologies, grant agreement N°690416 (call H2020-SC5-2015-one-stage). particular DCL should be consequently based on an accurate model of the overall system, for guaranteeing the adequate level of control accuracy.
The skeleton of the ROBUST robotic platform, sketched in figure 1, has been conceived with a modular approach, by composition of four basic units: three torpedo-shaped AUVs connected with a rigid frame and an internal structure containing sensing, processing, and communication equipment (ROBUST payload) necessary for the execution of the reference mission. It should be noted that the ROBUST basic AUV is similar to the Folaga AUV Alvarez et al. (2009 ), Ca↵az et al. (2010 having a known model. Indeed the main objective of the research described in the paper is to derive a model for the ROBUST Underwater Vehicle System (ROBUST UVS), i.e. "cluster", building on the knowledge of the models of each single basic AUV.
Starting from the modelling of generic underwater vehicles, as in Fossen (2011) and Antonelli (2014) , the challenge for a multi-body cluster is to be able to describe the nonlinear dynamics of the cluster from the dynamics of individual elements.
Related results in the literature include papers by Zhang and Wang (2007) , Ke et al. (2013 Ke et al. ( , 2014 , Park and Kim (2015) , Abreu et al. (2016) that have studied multibody dynamics methods for modelling underwater vehicles. Huston (1985, 2001 ) address the study of multi-body dynamics of tether cables for underwater applications.
A method for dynamic modelling of multi-body systems, where the generalized forces that contribute to dynamics are determined by Kane's approach, is presented in Ke et al. (2013 Ke et al. ( , 2014 . The use of generalized forces in Kane dynamic equations o↵ers advantages over Newton-Euler and Lagrange methods for the computation of multi-body dynamics, because the interaction and constraint forces among bodies is eliminated. The same method is used in Abreu et al. (2016) where a dynamic simulation model for a coupled streamer-vehicle system is proposed for the cooperative and navigation control problem for fleets of streamer-vehicle systems. Nielsen et al. (2016b,a) investigates the dynamic modelling of reconfigurable underwater systems building on the Udwadia-Kalaba Equation (see Udwadia and Schutte (2011) ): the equations of motion for a system comprised of N rigidly connected robots are developed using quasivelocities to derive the constraints imposed by rigid connections.
The rest of the paper is organized as follows: Section 2 introduces the notation and describes the main tools for the transformation of the generalized forces and moment. Section 3 addresses the problem formulation and the description of the equation of motion for the cluster. In Section 4 the cluster model is derived building on the knowledge of the single body models. Numerical results are reported in Section 5. Finally, concluding remarks are reported in Section 6.
PRELIMINARIES AND NOTATION
In order to derive the model for the ROBUST UVS, the following are defined (also refer to Figure • {0}: inertial NED (North-East-Down) earth-fixed reference frame with origin in o 2 R 3 ; • {b}: cluster-fixed reference frame with origin in c 2 R 3 . Point c is chosen as pole for forces and moments; • {k}: k th body-fixed reference frame (k = 1, . . . , N)
with origin in a point p k 2 R 3 of the k th body. Point p k is chosen as pole for forces and moments. Moreover, the following notation will be adopted for vectors in the coordinate systems {0}, {b}, {k}: From Figure 2 it follows that (3) is the rotation matrix between frame {b} and {0}. Time di↵erentiation of (1) gives the velocity of p k (origin of k th frame {k}) with respect to o (origin of frame {0}) expressed in {0}, that is:
Yet, from time di↵erentiation of (2) it follows that:
In the following, we compute how to transform generalized forces and moments between di↵erent reference frames.
Generalized velocity vectors in di↵erent reference frames
The generalized velocity k ⌫ p k /o of p k of the k th body with respect to o expressed in {k}, is denoted as:
In order to derive the transformation between k ⌫ p k /o and b ⌫ c/o we first need to project the vectors in the same reference {b}. Defining the following matrix bR k 2 SO(6):
being b R k the rotation matrix from {k} to {b}, the generalized velocity of p k will be:
Note that, since all points of a rigid body have the same angular velocity, the assumption of a rigid cluster implies
can be expressed as follows:
IFAC CAMS 2018 where T ( b r c,p k ) is given by:
Similarly it can be shown that time di↵erentiating (6) leads to the following:
Generalized forces in di↵erent reference frames
Letting k p k ⌧ k be the generalized forces vector acting on the k th body about p k expressed in {k}:
The generalized forces can be expressed in the clusterfixed reference frame {b} using the matrix bR k , previously defined:
The transformation of the generalized forces between the two points p k and c in the frame {b} can be derived as follows: 
CLUSTER EQUATIONS OF MOTION
The goal of this section is to describe the kinematics and dynamics of the multi-body system.
Cluster Kinematic equations
The 6 DOF kinematic equations of the cluster can be expressed as follows: It is worth highligthing that the standard kinematic equations for the rotational motion used, for example, in Fossen (2011) , make use of the Euler angles as a parametrization of SO(3). It is known that any minimal rotation matrix parametrization is bound to be singular. 
Cluster Dynamic equations
As shown in Fossen (2011 Fossen ( , 2012 , the standard lumped parameter model used in most robotics applications is given by: 
where
c ⌧ dp is the vector of dynamic pressure forces and moments on a rigid body;
• b c ⌧ drag is the vector of viscous drag e↵ects forces and moments on a rigid body;
• b c ⌧ rf is the vector of restoring (gravitational and buoyancy) forces and moments on a rigid body;
wind is the vector of enviromental forces and moments on a rigid body (it will be considered negligible in the following);
• b c ⌧ is the vector of propulsion forces and moments; • b c ⌧ L is the vector of lifting forces and moments.
CLUSTER MODEL BUILDING ON THE SINGLE BODY ONE
In this section we will derive a model for the cluster building on the knowledge of the single body one. As already highlighted in the previous section, the inertia, lifting, damping, restoring and propulsion (if any) forces of all bodies can be expressed in a common reference frame {b} making use of the cluster velocity ⌫ c/o only. This allows to specify the generalized vector of external forces for the cluster in equation (17) as the sum of the individual contributions of the N rigidly connected heterogeneous robots/bodies, i.e.
The sum on the right hand side of equation (19) includes all the generalized forces and moments (projected in {b}) acting on the individual bodies composing the cluster. The IFAC CAMS 2018 contribution given by the propulsion forces and moments
with
and U the juxtaposition of the thruster input vectors:
As a result, the e↵ects of the control input of each actuated robot are directly mapped on the cluster motion.
Building on the transformations described in the previous subsections 2.1 and 2.2, the terms on the right hand side of equation (19) can be expressed as a function of the cluster generalized velocity and acceleration in place of the individual body ones. The detailed computation of how each and every term is transformed is here omitted for the sake of brevity. The overall result of such approach is nevertheless reported in equation (23),
The terms
rf cluster , ⌧ L cluster , and B cluster , are reported in table 1. The advantage of this approach with respect to the alternative Udwadia-Kalaba formulation Udwadia and Schutte (2011) is the derivation of a dynamic-hydrodynamic model for the whole multi-body system without considering explicitly the constraints imposed by the rigid connections. The proposed approach allows expressing directly the motion of the cluster using the six degrees of freedom (dof) equation (23), rather than using a vector of quasi-velocities 2 R 6N as in Nielsen et al. (2016b,a) . Indeed, the overall system has just 6 dof in the 3D space. Moreover, the use of the cluster allocation matrix B cluster in equation (21) has the benefit of mapping directly the control input of each actuated robot on the cluster. This is an important feature as it allows to facilitate the design of dynamic controllers for the overall system.
SIMULATIONS
A numerical simulator (in Matlab) has been developed implementing the described modelling approach for the ROBUST UVS. Tables 2 and 3 report a comparison between the added masses and linear drag coe cients of the AUVs, the central ROBUST payload module structure composing the cluster, and the cluster itself.
Moreover the derived model is numerically integrated to simulate the motion of the cluster along a specific trajectory as depicted in figure 3 . As an example of how the hydrodynamic forces and moments are being composed, the surge, sway, and yaw drag forces acting on one of the AUVs, the payload module structure, and the cluster are compared in figure 4. 
CONCLUSION
A modelling approach has been implemented to compute the lumped parameter hydrodynamic coe cients of a multi-body underwater vehicle system. The approach has been applied to the ROBUST robotic platform. The proposed approach appears to be particularly well suited for motion control and navigation filter design as it allows to derive a standard 6 dof dynamic model exploiting the knowledge of the components of the cluster. Alternative multi-body modelling approaches may result in high dimensional models that cannot be easily employed for control and navigation design.
A simple numerical simulation of the complete ROBUST system using the developed modelling approach is reported. 
